Abstract-The noise figure of silicon Raman amplifiers in the presence of nonlinear losses is calculated. The impact of twophoton absorption (TPA) and free-carrier scattering on the noise figure is quantified using the quantum formulation of the Langevin approach. It is found that TPA-induced free-carrier loss degrades the noise figure by an amount that depends on the carrier lifetime. For example, in a 1-cm-long waveguide pumped at 200 MW/cm 2 , the noise figure is 5.2 dB for a lifetime of = 1 6 ns and is reduced to 3.7 dB for = 0 1 ns. The reduction in the noise figure along with a concomitant increase in Raman gain from 2 to 8 dB suggests that lifetimes on the order of 0.1 ns or less are needed to create a useful silicon Raman amplifier that operates in the continuous-wave mode. It is also shown that in devices that use a p-n junction for carrier sweep-out, the screening of the junction field by generated free carriers results in a sharp increase in the noise figure at high-pump intensities. These results apply to operation in the near-infrared communication wavelengths. For mid-infrared wavelengths above the two photon absorption band-edge (2.3 nm), the absence of TPA and pump-induced free-carrier absorption ensures that the amplifier has a low-noise figure.
I. INTRODUCTION
T HE recent observations of high Raman gain [1] - [3] in bulk silicon along with demonstrations of Raman lasers [4] , [5] have opened up new possibilities for low-cost photonic components that, in some cases, may be amenable to integration with CMOS electronics. For operation in the technologically important 1300-1550 nm wavelength range, the main challenge is the nonlinear optical loss that competes with the Raman gain. This loss is caused by absorption from free carriers that are created in the medium because of two-photon absorption (TPA) induced by the high-intensity pump beam (Fig. 1) . The free-carrier absorption loss is proportional to the lifetime of the carriers in the amplifying medium. In this paper, we show, for the first time, how the nonlinear losses affect the signal-to-noise ratio of a Raman amplifier. We use the model to determine the minimum noise figure of the silicon Raman amplifier as a function of the carrier lifetime, waveguide losses, and pump intensity. 
II. DERIVATION OF THE NOISE FIGURE

A. Propagation Equation for the Stokes Signal
In a single-mode silicon waveguide Raman amplifier, the Stokes wave evolves according to the equation (1) where is the photon annihilation operator for the Stokes field and is the position along the length of the waveguide. The operator is normalized according to the commutation relation , where is the creation operator for the Stokes field. The gain parameter is given by , where is the pump intensity and is the Raman gain coefficient. The incident pump wave amplitude is treated as a classical field (c-number) and its propagation is described later (5) . The Stokes wave experiences losses determined by the coefficient . The first term characterizes the linear propagation loss, the second term includes loss from two-photon absorption (TPA), and the third term incorporates optical absorption from free-carriers generated from the TPA process. Although the linear loss is independent of the nonlinear terms, the coefficients of the two nonlinear loss terms above are dependent on each other. This connection can be demonstrated by examining the characteristics of the free-carriers created by TPA. The number density of TPA-generated electron-hole (e-h) pairs equals , where is the number of pairs generated per unit time per unit volume, is the photon energy, and is the "effective" lifetime of the pairs. Given the optical absorption cross section of an electron-hole pair, we 0733-8724/$25.00 © 2008 IEEE 
find
. These nonlinear absorption terms are present in silicon Raman amplifiers and impact their noise performance characteristics.
In a Raman amplifier, the mechanism by which the TPA generated carriers exit the waveguide core is significant since it determines the effective carrier lifetime [6] . For continuous-wave (CW) devices, two mechanisms must be considered. First, carriers are removed from the waveguide by diffusion and by recombination. The latter occurs in the waveguide core, at the Si-SiO interface, and at the silicon surface. In this case, the lifetime is largely independent of the carrier density and, therefore, from the pump intensity that produces the carriers [this fact is no longer true when the carrier density reaches the onset of Auger recombination cm ]. The second mechanism for carrier removal arises if an electric field is applied to sweep away the carriers. In particular, the carriers will drift in the presence of the electric field of a reverse-biased p -n junction sandwiching the waveguide [5] . In this case, lifetimes on the order of 10 ps or less can be achieved (for 1 m wide waveguide) but the lifetime now depends on the carrier density. At high-pump intensities, the increase in the carrier density gives rise to a screening of the applied electric field by carriers so that the lifetime is a function of the incident intensity [6] , [7] . The carrier lifetime is constant for low enough intensities, but when the optical intensity exceeds a given value, a sharp "step-like" increase occurs after which the lifetime is again independent of intensity. At this threshold, the carrier density becomes large enough that the carriers no longer drift under the action of the applied field and diffusion/recombination becomes the dominant transport mechanism [7] . In this paper, the function is determined through numerical simulation of carrier transport since an analytic expression cannot be obtained. The function (2) is an analytical fit to the numerical results. Here, and , are the low-and high-intensity values of the lifetime. Fig. 2 shows the numerical results and the above analytical model. The exponent and the threshold intensity are the model fitting parameters.
B. Langevin Noise Sources for the Silicon Raman Amplifier
We now turn our attention to the noise of the silicon Raman amplifier. At thermal equilibrium the fluctuations of the field amplitude must maintain their equilibrium value along the waveguide length. In a lossy waveguide, this is accomplished by introducing the so called Langevin noise sources into the equation for propagation of the field amplitude [8] .
The commutator of the field operators determines the noise limit imposed by the uncertainty principle. More specifically, , where and represent the in-phase and quadrature components of the electromagnetic field. Langevin noise sources are required to maintain the commutator at a constant value, i.e., , as required by the uncertainty principle. A more rigorous justification of commutator conservation is provided in [8] .
For the loss and gain terms in the propagation equations, the required noise sources are given by the operators and , respectively, where
The derivation of (3) is provided in the Appendix. These noise operators act on "noise reservoir states." At every point in the waveguide, two noise reservoir states are defined: one for the gain and one for the loss. Each continuum of states is labeled by the position in the waveguide; the noise reservoir state, say for the gain, is denoted by , where is the noise reservoir state at position . A similar expression applies for the loss reservoir. At this point, we would like to point out that amplifiers can be divided into different classes depending on the nature of the loss present. The Langevin source associated with the gain term is fundamental to any amplifier, such as erbium-doped fiber amplifiers (EDFAs) and fiber Raman amplifiers. When amplifiers have loss distributed along the length, a loss noise source must included as well. In the case of an EDFA this loss might arise from linear losses in the fiber as well imperfect inversion of erbium atoms. This last loss mechanism is fundamental to the EDFA operation. In the case of a Raman amplifier, however, there is no such loss term because the Raman intermediate states are virtual levels. The medium is usually transparent even at low-pump levels. In this sense, the Raman amplifier may be thought of as a "perfectly inverted" medium. Similarly, for a silicon Raman amplifier, there is no loss from imperfect inversion. The loss in the amplifying medium consists of the usual linear loss and the nonlinear optical loss described in Section II-A. The nonlinear loss is absent in fiber Raman amplifiers and from this point of view, the analysis of noise in silicon Raman amplifiers is more complicated than that in fiber based devices. The present analysis applies to silicon as well as other semiconductor Raman media.
We can now rewrite the equations for the Stokes wave including the noise sources (4) This equation must be solved numerically, also taking into account the variation of the pump intensity along the waveguide due to the optical losses (5)
C. Noise Figure of the Amplifier
The solution of (4) has the form (6) We can now calculate the noise figure by evaluating (5) with an input state:
, where , , and denote the Stokes, anti-Stokes, and "noise reservoir" states. We find the noise figure of the Raman amplifier by evaluating the mean output photon number and mean photon number fluctuation and is the photon number at the input frequency. For a transform-limited input wave-packet of temporal width and frequency width , we can write , where is the photon rate. The above expressions are evaluated numerically for various values of the carrier lifetime, which is the critical parameter of the Raman amplifier. It is clear from the above expressions that the nonlinear loss degrades the net gain, but adds to the overall noise.
III. RESULTS
We evaluate the above expressions for a waveguide in which a p -n junction is used to sweep out the TPA-generated carriers. We will use the waveguide dimensions and parameters used in [7] : m, m, and m (see Fig. 2  inset) . For an applied reverse bias voltage of 10 V, the carrier lifetime dependence obtained from 2-D numerical simulations [7] is fitted to the model described by (2) , with model parameters , ns, , and mW/cm . The minimum lifetime obtained this way is 22 ps and occurs at moderate pump intensities where carrier removal is not impaired by electric field screening (Fig. 2) . Figs. 3 and 4 show the total gain and the noise figure, respectively, for a 1-cm-long waveguide with linear losses of 1 dB/cm. We used a Raman gain coefficient cm/GW, a TPA coefficient cm/GW, and the free carrier absorption cross-section cm . For the noise figure calculation, we assumed that the input signal power is large enough so that the second term in (7a) is negligible. This gives the best achievable noise figure which is the objective of this work. The input pump intensity varies from 10 to 1000 mW/cm , illustrating the case of ideal carrier removal and removal impaired by electric field screening. For comparison, we also show the case where TPA and free carrier absorption are absent. One can clearly observe the detrimental effect of FCA on the gain and the noise figure. If electric field screening was absent, the device could achieve a noise figure of dB. However, junction field screening results in a marked increase in the noise figure.
Lifetime reduction techniques can also be used to reduce the density of TPA-induced free carriers. Lifetime can be reduced by scaling down the lateral waveguide dimensions [6] , by ionbeam-induced damage, or doping with deep-level impurities. The latter technique is used to create fast silicon step-recovery diodes, to create recombination centers and, hence, to lower the steady-state free carrier density. Ion-beam-induced damage (helium and argon) have recently been applied to silicon waveguides and lifetime reduction has been reported [9] , [10] . To show the central role of the intrinsic lifetime of the waveguide, we plot in Figs. 5 and 6 the gain and the noise figure for different values of lifetime. The value of 1.6 ns is typical for an SOI waveguide with 1 m cross 500 ps has been reported in submicron waveguides [11] , [12] . The results indicate that the noise figure is a strong function of carrier lifetime, and show that low-noise amplification requires a lifetime on the order of 100 ps. Such a value is reported in [10] in argon-implanted silicon waveguides. The key issue with lifetime reduction techniques is that they may increase the waveguide propagation (linear) losses. The results in Figs. 5 and 6 overestimate the amplifier performance because they assume that the lifetime is reduced without a concomitant increase in waveguide losses-a highly desirable outcome that is yet to be experimentally demonstrated. Furthermore, induced crystal damage can also lead to broadening of the Raman linewidth and consequently to reduction of gain. Nevertheless, the model presented here can be used to calculate the noise figure for any combination of lifetime, gain and loss parameters.
We point out that in silicon Raman amplifiers operating at wavelengths greater than the two-photon bandgap m, TPA and the ensuing free carrier absorption are absent [13] . For these wavelengths, the energy of two-photons is insufficient to excite an electron from the valence band to the conduction band. Figs. 7 and 8 show the gain and noise figure at the wavelength of 3 m. An inverse scaling of Raman gain with wavelength has been assumed, which suggests a gain of 7.75 cm/GW at the wavelength of 3 m. The impact of TPA-induced free-carrier loss is remarkable: the noise figure does not exceed 3.5 dB for any pump intensity. These results clearly show the superior performance of silicon Raman devices in the mid-IR spectrum and underscore the case for mid-IR silicon photonics.
The aim of the present analysis has been to determine the limit for the intrinsic noise figure of a silicon Raman amplifier. This was achieved by considering the noise contributed by the amplification and dissipative processes that occur in silicon. In other words, the pump laser was assumed to be ideal. In reality, the amount of amplitude noise contributed by the pump laser will depend on the noise characteristics of the particular pump laser and on group velocity dispersion (GVD) in the waveguide. The impact of dispersion on the transfer of pump noise to the Stokes signal has been extensively studied in fiber Raman amplifiers [14] . The pertinent features of pump-noise transfer can be understood by considering a signal that experiences gain from a co-propagating pump. Assuming zero GVD, the same group of signal and pump photons will travel together throughout the waveguide length. Hence, any relative intensity noise (RIN) in pump amplitude will be imparted to the signal amplitude by the Raman gain. However, if the GVD is nonzero, the signal photons will pass through different groups of pump photons as they traverse the gain medium. If the gain medium is long enough or the GVD is large enough, the signal photons will scan several periods of pump amplitude variations, and, hence, the noise will be averaged out. The averaging depends on the GVD and the waveguide length and does occur in fiber Raman amplifiers. It results in suppression of noise fluctuations above a cutoff frequency that is approximately the inverse of the relative group delay between the pump and the signal. Because of the short waveguide length, the noise suppression is not expected to be as significant in silicon Raman amplifiers unless extremely long waveguide lengths are used.
IV. CONCLUSION
We have calculated the noise figure for a silicon Raman amplifier using a quantum-optical Langevin approach. We find that significant noise degradation is caused by the nonlinear losses in the near infrared wavelengths. The noise figure is a strong function of carrier recombination lifetime and lifetimes on the order of 100 ps or less are desired for a high-fidelity amplifier. In devices that use a p-n junction for carrier sweep-out, the onset of junction field screening is accompanied by a sharp increase in noise figure. The best performance for silicon Raman amplifiers is obtained at the mid-infrared wavelengths greater than m, where two photon absorption is absent. In this regime, an intrinsic low-noise figure approaching the theoretical limit of 3 dB can be expected.
APPENDIX
The derivation of the noise sources can be found in [8] , but we also include it below for completeness. The noise source is derived on the principle that it is needed to conserve the commutator of the optical mode when loss or gain is present in a medium.
Consider a single mode with experiencing gain and add a noise source operator 
